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Boltzmann equation
in the Early Universe:

6 10 27cm>s—1

<O-annv>

QX%

Relic Qpy ~ 0.23 for

(Cannt) = 3 - 107 CHiI EE.

10 100
x=m/T (time -)

Weak cross section:

o o

(Cann¥) & —15 = TewV2 =Qx ~ O(few 0.1) (WIMP)
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Theories beyond the SM have ambitious goals (hierarchy prob, EWSB, unification).
As a byproduct, they can provide DM candidates at the EW scale.

Popular candidates:

SuperSymmetric LSP,
Little Higgs’ heavy photon,
Extra dimensional LKP...

(“little hierarchy problem?”, ft in LH etc)

.BUT: (i) these theories already start to be uncomfortably fine tuned

(ii) these theories have many parameters,
DM phenomenology is unclear (scatter plots)

(ii1) DM stability is i:

mposed by ha:.
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(R-parity, T-parity, KK parity)
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and systematically search for the ideal DM candidate...




X
On top of the SM, add only one extra multiplet A= ( ’? )

L= 7 ?E(le + M)X if X is a fermion
L = Loy + ‘DMX|2 — 2‘X|2 if X is a scalar

gauge interactions the only parameter,
Y, and will be fixed by {2pn.

and systematically search for the ideal DM candidate...
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n <5 for fermions
n <7 for scalars

to avoid explosion in the running coupling
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The ideal DM candidate is

1ined

by the relic abundance:

6 107 27cm3s—1
0 = >~ (.24
i (T v)

for X scalar
) F 16 Y g5 + 89597 Y (n? — 1)
647 M2 Jx

(0 AV) ~

for X fermion
Gy (20 + 17— 19) + 4Y2g3 (41 4 8Y2) + 16622 Y (n? - 1)
1287 M? gy

(040) ~

(- include co-annihilations)
(- computed for M > Mz w)



The ideal DM candidate is

SU(2). | U(D)y | spin Non-perturbative corrections

9 1/2 S (and other smaller corrections)
= F | 10 | induce modifications:
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A fermionic SU(2)r quintuplet with ¥ =0
provides a DM candidate with M = 10 TeV,
which is fully successful:

- neutral . like proton
- automatically stable “ stabilityinSM:
and

not ye discovered by DM searches.

A scalar SU(2); eptaplet with Y = 0 also does.

(Other candidates can be cured via non-minimalities.)
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Direct detection seems to prefer low mass DM (few GeV)
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~ 9 Just coincidence? Or: signal of a 1ink?

Possibly a common production mechanism:

Baryogenesis: ‘Darko’genesis:

B = =6-10 DM =
n7 n’Y

18"

B

A variety of specific models/ideas:

transferring or co-genesis

DM stores the anti-B number

via leptogenesis .
connection to neutrino masses
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Provided:
- an initial asymmetry

el o = 1.02 10717
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The relic abundance is determined by 779 and mx.
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A small DM/DM mass splitting induces DM «~ DM oscillations.

Asymmetric ‘freeze-out’
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A small DM/DM mass splitting induces DM «~ DM oscillations.

Asymmetric ‘freeze-out’

no = 1.02 10717
Op = 14 pb
mpwm = 9 GeV

Al

Oscillations repopulate DM
Annihilations restart

Temporary ‘freeze-out’
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Final freeze-out

The correct (2pp can be obtained.
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YES: few TeV, leptophilic DM
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Are these signals of Dark Matter?

YES: few TeV, leptophilic DM
with huge (ov) ~ 1072° cm? /sec

a formidable ‘background’ for future searches



Basic ingredients:

X Dark Matter particle, decoupled from SM, mass M ~ 700+ GeV

¢ new gauge boson (“Dark photon™),
couples only to DM, with typical gauge strength, m, ~ tew GeV
- mediates Sommerfeld enhancement of xXx annihilation:
aM/my =1 fulfilled
- decays only into ete” or puu~
for kinemastical limit
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Production mechanism:

just thermal freeze-out
of these annihilations

same idea in: WIMPless DM



Basic ingredients:

X Dark Matter particle, decoupled from SM, mass M ~ 700+ GeV

¢ new gauge boson (“Dark photon™),
couples only to DM, with typical gauge strength, m, ~ tew GeV
- mediates Sommerfeld enhancement of xXx annihilation:
aM/my =1 fulfilled
- decays only into ete” or puu~
for kinemastical limit

BExtras:

X isa multiplet of states and gb 1S non-abelian gauge boson:
splitting oM ~ 200 KeV (wvia loops of non-abelian bosons)
- inelastic scattering explains DAMA
- eXcited state decay xx — XX~ explains INTEGRAL

AT o



* pioneering: Secluded DM, U(1l) Stuckelberg extension of SM

* Axion Portal: ¢ is pseudoscalar axion-like

W singlet-extended UED: X is KK RNnu, ¢ is an extra bulk singlet

* split UED: X annihilates only to leptons because quarks are on another brane

* DM carrying lepton number: X charged under U(1)r,_1.,, ¢ gauge boson
(mg ~ tens GeV)

* New Heavy Lepton: X annihilates into = that carries lepton number and
decays weakly  (~TeV) (~ 100s GeV)
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NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

A classical analogy:



NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

A classical analogy:

--------------------------------
.

---------------------------------
.
--------------------------------

--------------------------------

Qg — 7TR2

2G M
o) :7TR2 (1 | G]\;Q /R)

with v2_ = 2GNyM/R

€SC

For v > vese then 0 — Oy
For U < Uese then o > o0y

1.e. Ekin < U pot (i.e.the deforming potential
is not negligible)



NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Y (r) wave function of two DM particles (7= -)
obeys (reduced) Schrodinger equation:

d2 w (V does not depend on time)

Vo= e
MdTQIV\w_M -

N velocity
potential due to exchange of force carriers

At r = 0: annihilation

0 ann XA with 1’ such that (DM DM|T|final)

Sommerfeld enhancement:
o (00) |
R arnn

Ogun, | 4

\ unperturbed cross section




NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential:

1 d?a
- ) = Mv?
MerJrVw 2
84

with V = — .
r

@
parameters are: o, V, my, M (O‘ 73 Z_ i ﬁ)
7
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NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential:

1 d?a
e cars o S 2
Mz T
87

with V = — .
r

DM DM -» W*W~

parameters are: o, V, my , M

R depends on: and oM /my

The effect is relevant for; : DM DM - yy
1.e.
i.e but not at f.o.

1073
case of MDM fermion 5-plet:
M=9.7 TeV, W,Z exchange




NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential:
Lid
o f +V - = Mv*y
M dr .
- DM DM - W*W
with V. — — . BN T
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NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.
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NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

In terms of Feynman diagrams:

First order cross section:

For alM / my = 1 the perturbative expansion breaks down,
need to resum all orders
i.e.: keep the full interaction potential.
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Non-standard DM is alive and Kicking *

* It’s fair to say that,
like any newborn,

it builds on the expertise
of giants,

i.e. ‘old’ SuSy DIM.

Mostly data-driven, but not only




Non-standard DM is alive and Kicking *

* It’s fair to say that,
like any newborn,

it builds on the expertise
of giants,

i.e. ‘old’ SuSy DIM.

Mostly data-driven, but not only

I picked & recent ideas:

1. Minimal DM: the simplest, so-far-overlooked WIMP possibility?

&. Asymmetric DM: a paradigm of a ‘new’ production mechanism?
3. Secluded DM: the harbinger of a rich dark sector?

but the list of new interesting directions is bottomless.




